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Abstract: Additive manufacturing processes such as Selective Laser Melting (SLM) and Selective Laser Sintering (SLS) allow near-net shape manufacturing of complex work pieces. Hence, they inherently offer opportunities for minimum-waste and sustainable manufacturing. Nevertheless, powder production, energy consumption as well as powder losses are important yet not always optimized environmental impact drivers of SLM and SLS. This paper presents the results of a data collection effort, allowing to assess the overall environmental impact of SLM/SLS using the CO2PE!-methodology. First, the different modes of SLM/SLS machine tools are investigated, including both productive and non-productive modes. In particular consumption of electric power and of consumables is recorded for the different modes. Subsequently, time studies allow determining the importance of productive and non-productive modes. An impact assessment analysis allows identifying the most important contributors to the environmental impact of SLM/SLS. Finally, the paper sketches improvement potential for SLM/SLS machines based on the presented LCA. 






1. INTRODUCTION

Solid Freeform Fabrication (SFF) techniques, often referred to as rapid prototyping or rapid manufacturing, provide the three dimensional physical model of a CAD design using an additive process which builds up the physical part layer by layer. Thanks to their technical advantages and the growing market for limited edition and one-of-a-kind products, these additive manufacturing techniques have been applied to cope with a wide variety of manufacturing challenges in various domains, such as automotive, aerospace, biomedical, energy and consumer goods. The application of SFF techniques such as SLM and SLS has seen a remarkable expansion over the past ten years both in terms of parts produced as well as in the number of machine tools sold [1]. SFF techniques are often prized for being much cleaner than conventional machining processes and being able to fabricate objects with minimum waste. Other ecological advantages, among others, can be found in the reduction of transportation and supply chain impacts and the absence of special tooling or hazardous cutting fluids. However, quantitative analyses of the environmental impact caused by SFF processes are very limited and detailed data about environmental metrics such as energy consumption, waste flows and generated process emissions is often lacking [2,3]. Due to the lack of thorough environmental analyses, optimization opportunities are often not recognized and improved machine tool design in terms of ecological footprint reduction has often not been targeted. In this paper, first results of an environmental analysis of SLM/SLS production processes, using the CO2PE!-methodology [4,5], are presented. After describing the principle of SLM/SLS in Section 2, results of the LCI data collection effort including, time studies, electric power studies, consumables studies as well as waste flow analyses are presented in Section 3. Based on an impact assessment identifying the most important contributors to the environmental impact of SLM/SLS (Section 4), Section 5 sketches the improvement potential for SLM/SLS machine tools. 


2. PRINCIPLE OF SLM AND SLS PROCESSES

SLS and SLM are additive fabrication techniques that allow generating complex 3D parts by selectively consolidating successive layers of powder material on top of each other, using the thermal energy supplied by a focused and computer controlled laser beam [6,7]. Different binding mechanisms can be responsible for the consolidation of the powder such as: solid state sintering, liquid phase sintering, partial melting or full melting [8].
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Figure 1: Functioning principle of SLM/SLS [9].

As depicted in Figure 1, the main components of an SLM/SLS machine tool are a laser source, a scanning system, a building platform (or build cylinder) where the part is generated, a feed container where the powder is stored and a roller/coater to lay a powder layer homogenously on the already solidified layer. Depending on the machine tool configuration, there may be either one or two feed containers; one at each side. After a powder layer is laid (and preheated) on the base plate where the component is produced, the laser beam selectively scans the powder bed tracing the layer geometry. Then the build cylinder is lowered with an amount equal to the pre-specified layer thickness. The coater puts a new layer of powder and the laser scans the new slice. This process continues until the part is completely produced by SLM/SLS. 
Afterwards, the component is allowed to cool down before being removed from the base plate and cleaned. Often a post-processing step is applied to the component for different purposes depending on whether the process was SLS or SLM. For SLM, sand blasting and ultrasonic filing can be employed as post-processing techniques to remove the loosely sticking powders on the outside of the part whereas more post-processing steps are required for SLS parts.


3. LCI DATA COLLECTION

This section describes the Life Cycle Inventory (LCI) data collected using the CO2PE!-methodology [4,5]. The system boundaries of the analysis are set to include only the operating phase of the involved SLM/SLS equipment: Concept Laser M3 Linear machine [10], EOSINST P760, EOSINT P360 and EOSINT FORMIGA P100 [11] 

3.1. Time studies

3.1.1. Selective Laser Melting (SLM)

A first time study for SLM processes was performed on a Concept Laser M3 Linear machine [10], using AISI 316L stainless steel (X5CrNi18-10) and a layer thickness of 30 µm. Four use modes have been identified in accordance with the process principle sketched in Section 2: preheating the process chamber and creating the inert atmosphere, exposure (i.e. selective scanning by the laser), recoating a new powder layer, and final cooling down. Figure 2 shows the time share of the identified modes, based on a sample batch with a total production time of four hours. 

Figure 2: Share of the different modes 

3.1.2. Selective Laser Sintering (SLS)

For SLS, more in-depth time studies were performed on 3 different EOSINT P760 machine tools [11]. The non-productive modes comprise once more machine tool cleaning, preheating and cooling down. The productive modes are responsible for ca. 87% of the total production time, and can be subdivided further into three main modes: the laser exposure mode, the recoating mode and some other activities like filling the feed containers. Based on 63 batches (5801 products), Figure 3 shows the time distribution for products made of PA2200 with a layer thickness of 12 µm. 

Figure 3: Production modes (PA2200, 12µm)
Of course, the contribution of the productive modes depends on the product and batch design (e.g. total product volume and batch height). Based on multiple batches, an average distribution of the productive modes is listed in Table 1 for two different layer thicknesses (0.12µm and 0.15µm) and two materials (Fine Polyamide PA2200 and Glass-filled Fine Polyamide PA3200GF [11] ).

	EOSINT P760

	PA2200
0.12µm
	PA2200
0.15µm
	PA3200GF
0.15µm

	#batches
	63
	12
	11

	
	
	
	

	Laser Exposure
	31,45%
	48,71%
	21,95%

	Recoating
	68,53%
	51,25%
	78,02%

	Other Activities
	0,02%
	0,04%
	0,03%

	
	
	
	

	Standard Error
	1,13%
	5,97%
	2,52%

	Standard deviation (σ)
	8,97%
	20,68%
	8,35%


Table 1: Distribution of the productive modes

Table 1 and Figure 3 show the significant contribution of the recoating mode to the total productive mode ranging from 50% up to 80% depending on the layer thickness and the material used. Consequently, the part (batch) height has a major influence on the total production time. 
Multiple linear regression analyses indicate that the total production time (tprod) is a function of the total batch volume (V) and batch height (h). Equation 1 presents the formula for the first combination of material and layer thickness (PA2200 / 0.12µm). 

tprod [s] = 8250 + 2135 * h [cm]  + 1,39 * V [cm³]  (1)
with a R² = 0,96. 
Since the product volume is determined by the product-design, the total production time can be minimized by optimizing the product orientation or nesting efficiency for batches with multiple products in order to reduce the batch height. These conclusions are consistent with previous work by Mognol et al. [12]. 

3.2. Power study

3.2.1. Selective Laser Melting (SLM)

During the machine tool analysis of the Concept Laser M3 Linear machine [10], 8 different subsystems were identified: laser unit (including the laser cooling unit), powder dosage chamber, building platform, coater, XY-Positioning of the scanner, nitrogen circulation unit, cabinet cooling and the computer unit. Figure 4 shows the power levels for all subsystems during the productive modes. The peaks (around 3.5 kW) are caused by the recoating system (sweeper). The laser unit (2.24 kW for an output power of 100 W), is with 68% of the total machine tool power the most power consuming subunit. Table 2 lists the average machine tool power levels during all modes. 

	Concept Laser M3 Linear
	Power

	Preheating + 
Creating Inert Atmosphere
	2,25 kW

	Exposure (Melting)
	3,25 kW

	Recoating
	3,45 kW

	Cleaning + Product Removal
	0,7 kW


Table 2: Average Power Levels 




Figure 4: Power levels during productive modes of Concept Laser M3 Linear
(Ex = Exposure, Re = Recoating)



Figure 5: Power levels during productive modes of EOSINT P700
(Ex = Exposure, Re = Recoating)






	
	EOSINT P760
	EOSINT P360
	EOSINT FORMIGA P100

	
	[image: ]
	[image: ]
	[image: ]

	Container Dimensions
	700 x 380 x 580 mm
	340 x 340 x 620 mm
	200 x 250 x 330 mm

	Laser Source
	CO2 , 2 x 50W
	CO2 , 50W
	CO2 , 30W

	Max. Scan Speed
	2 x 6 m/s
	8 m/s
	5 m/s

	Average Power Levels
	Standby Mode
	3,52 kW
	2,25 kW
	0.34 kW

	
	Heating Mode
	8,28 kW
	4 kW
	2,96 kW

	
	Exposure Mode
	6,61 kW
	3,74 kW
	1,30 kW

	
	Recoating Mode
	5,31 kW
	
	



Table 5: Average machine tool Power Levels





The energy consumption of another SLM machine tool: the EOSINT M250 Xtended [11] was analysed by Mognol et al. [12]. The average electrical powers during standby and operation mode were 2 kW and 4 kW respectively. 

3.2.2. Selective Laser Sintering (SLS)

Figure 5 shows the power levels of all different subsystems during the productive modes of the EOSINT P760. The two most important energy consumers are the Laser Cooling Unit (3kW) and the Process Chamber Heaters (ranging from 0.8kW to 3.6kW in order to preheat the new powder material when a new layer is coated.). 
Similar power measurements were performed for EOSINST P360 (including an external Laser Cooler Unit of 2kW) and EOSINT FORMIGA P100 machine tools. The average machine tool power levels of these machine tools are listed in Table 5. 
Luo et al. [13] and Sreenivasan et al. [14] reported machine tool power levels for SLS machine tools of 3D-Systems [15], as shown in Table 3. 

	3D-Systems
	DTM 2000
	DTM 2500
	Vanguard HiQ

	V (m/s)
	3
	3
	10

	W(mm)
	0.4
	0.4
	0.4

	T(mm)
	0.15
	0.15
	0.15

	Specific gravity
	1.08
	1.08
	1.04

	Process overhead k
	0.6
	0.6
	0.6

	Power (kW)
	16.8
	12.5
	19.6

	Productivity(kg/h)
	0.419
	0.419
	1.35

	Energy (kWh/kg)
	40.09
	29.83
	14.5


Table 3: Energy Consumption Rates [13-14]

Based on the EOSINT P760 batches of the time studies, the process productivity (kg/h) and energy consumption per kilogram (kWh/kg) are analyzed and listed in Table 4. In comparison with the data available in literature (Table 3), the EOSINT P760 has a significant lower productivity. Nevertheless, the energy consumption per kilogram is comparable. 

	EOSINT P760
	PA2200
0.12µm
	PA2200
0.15µm
	PA3200GF
0.15µm

	Productivity (kg/h)
	0,17
	0,15
	0,24

	Energy / hour (kWh/h)
	6,20
	5,97
	6,32

	Energy / kg
(kWh/kg)
	36,5
	39,8
	26,3


Table 4: Process productivity



3.3. Consumables study

3.3.1. Selective Laser Melting (SLM)

To avoid oxidation problems, SLM processes operate in a protective (inert) atmosphere. Since nitrogen is used to create this protective atmosphere in the process chamber of the Concept Laser M3 Linear machine for stainless steel, this should be taken into account as consumable. 
A pre-flushing rate of 6.5 m³/h during the start-up mode (30 minutes) is followed by a continuous flow rate of 3.5 m³/h of nitrogen during the actual production phase. 

3.3.2. Selective Laser Sintering (SLS)

EOSINT machine tools are equipped with compressed air driven nitrogen generators to create the inert atmosphere. The compressed air flow rates for the different machine types are listed in Table 5.

	
	Flow Rate

	EOSINT P760
	20 m³/h

	EOSINT P360
	6 m³/h

	EOSINT FORMIGA P100
	10 m³/h


Table 5: Compressed Air Flow Rates [11]

Other SLS machine tools such as the DTM Sinterstation 2500 plus [15], use externally produced gasses (e.g. nitrogen or argon) to create the required protective atmosphere.

3.4. Waste material study

As indicated in the CO2PE!-Methodology [4,5], the total material flow (determined by the product design and equal for all processes in a comparative study) is not relevant for a Unit Process Life Cycle Inventory (UPLCI), but the generated amount of waste is process dependent and included in our study.
Despite the wide coverage of material production processes in LCI-databases, the production processes (e.g. atomisation processes) of powder materials used in SLM/SLS are still poorly documented in terms of their environmental impact. 

Morrow et al. [16] indicate the required specific energy consumption (SEC) and generated airborne emissions for direct and indirect (where powder is produced from finished metal slabs or plates) metal powder production processes, as listed in Table 6. 





	(MJ/kg)
	Atomization Process

	
	Direct
	Indirect

	Electricity Consumption
	15.90
	26,86

	Other Energy Consumption
(e.g. fuel oil, natural gas)
	1.72
	5,95


Table 6: Specific Energy Consumption (SEC) [16]

It is observed that, relative to the production of steel plate (20,4 MJ/kg), the direct atomization route to producing steel powder requires approximately 20% less energy per kilogram of produced powder while the indirect atomization route to produce steel powder requires approximately 25% more energy [16]. 
For SLS processes, Telenko et al. approximated the specific energy consumption for 1 kilogram of nylon 12 powder. The final estimate for energy use during nylon manufacture is 85 MJ/kg using a mix of electricity and energy stored in fossil fuels, however neglecting the precipitation process [17-18-21]. 

3.4.1. Selective Laser Melting (SLM)

Based on 5 consecutive batches (with rather small parts) of the same material (X5CrNi18-10) including one complete emptying and cleaning operation of the building platform as well as the feed container, a ratio of 20.4% was found between the weight of the waste material and the weight of the product. This means that for a product of 1 kg, 204 g waste material is created (e.g. filter residues, aerosol emissions, post processing including the EDM cut). 

3.4.2. Selective Laser Sintering (SLS)

Based on industrial observations, half of the remainder powder of SLS is recycled. Table 7 shows the powder utilization (PU) rates based on weight and volume as well as the waste flow rates for the different combinations of material and layer thicknesses. The waste material rates around 45% fit well within the manufacturer’s recommendations about the refresh rates, which is the ratio between virgin and used powder (Table 8), using a very high portion of new powder material [11-15-19].

	EOSINT P760
	PA2200
0.12µm
	PA2200
0.15µm
	PA3200GF
0.15µm

	#batches
	63
	12
	11

	PU
	Weight
	5,2%
	5,9%
	3,7%

	
	Volume
	10,2%
	12,2%
	7,2%

	Waste material (Weight Based)
	44,9%
	43,9%
	46,4%


Table 7: Powder utilization rates


	Material
	Refresh rate (%)

	EOS GmbH [11]
	PA2200
	30 to 50

	
	PA3200GF
	50 to 70

	3D-Systems [15]
	DuraForm
	30+ 30 overflow

	
	GF DuraForm
	50+ overflow


Table 8: Recommended refresh rates


4. LIFE CYCLE ANALYSIS (LCA)

In this section, for both SLM and SLS, an LCA of a sample batch is described in order to identify the most important contributors to the environmental impact of the processes. The impacts are calculated based on the eco-indicator 99 (H,A) method using the ecoinvent database and expressed in millipoints (mPts) [19,20]. Process Emissions and waste disposal senarios are not included. 

4.1.1. Selective Laser Melting (SLM)

Table 9 shows an overview of the environmental impacts created during the production of a sample batch with a total product weight of 409 gram and a total production time of 4 hours on the Concept Laser M3 Linear machine tool. 

	
	
	Impact (mPts)
	%

	Energy Consumption
	11 kWh
	286
	47,3

	Nitrogen Consumption
	15.5 m³
	308
	51

	Waste material
	0,084 kg
	10
	1,7


Table 9: LCA of SLM sample batch

Of course, the relative proportions will change depending on the product (batch) size and design.

4.2.2. Selective Laser Sintering (SLS)

The SLS case study took place on an EOSINST P760 machine tool for an sample batch of PA2200 material with a total product volume of 3,32 kg and total production time of 15 hours and 1 minute. The used layer thickness is 12 µm. Table 10 shows the different impact creating factors. 

	
	
	Impact (mPts)
	%

	Energy Consumption
	120 kWh
	3120
	31,9

	Compressed Air Consumption
	340 m³
	1598
	16,3

	Waste material
	10.27 kg
	5068
	51,8


Table 10: LCA of SLS sample batch
5. IMPROVEMENT POTENTIAL

Tables 9 and 10 indicate that the environmental impacts are caused by several factors. Reduction measures for all these impact creating factors are investigated and the improvement potential for both SLM and SLS is described below. 

First, the total energy consumption can be minimized by selectively switching on and off the subsystems over the different modes. For the EOSINT P360 and P760 machine tools, the laser cooling units, which consume 2kW and 3kW respectively, were active in all modes. 
Another reduction measure can be found in the introduction of external cooling down cycles. By use of a second process container, the total machine time can be reduced by 2 hours (at standby power level consumption) and the residual heat of the previous build can be recovered partially. 
Furthermore, the total energy consumption depends mainly on the total production time, which is a function of the batch volume and height as indicated by Equation 1 (Section 3.1.2). Consequently, the energy consumption can be reduced by minimizing the building height of the batch, for example by optimizing the part orientation or nesting efficiency of the batch. 

To create the required protective atmosphere in the process chamber, internally or externally generated nitrogen (or another gas) is often used. In both cases a significant environmental impact is created by the consumption of compressed air or nitrogen from the external reservoir. Besides a reduction of the total production time (e.g. nesting efficiency, build height), another reduction measure for this consumption can be found in a better sealed process chamber, so there is no longer need for continuous refilling of the process chamber. 

Furthermore, and in particular for SLS, a large environmental impact is generated by the high amount of waste powder. Besides measures to increase the nesting efficiency (e.g. reduction of the building height), more optimal recycling procedures can reduce the amount of waste and related environmental impact significantly. Dotchev et al. [19] provide a practical method to collect and separate un-sintered powder. In order to control the input material quality and use the fresh powder more efficiently, they suggest using different grades according to the melt flow rate of the recycled powder. 

Finally, the impact created by almost all factors mentioned above can be reduced by a well-considered choice of the SLM/SLS equipment (e.g. optimal size of the process chamber and build container). Flexible adaptable process chambers and building containers can allow producing a wide variety of products (batches) on the same machine tool, limiting the created environmental impact. 

6. SUMMARY

Using the CO2PE!-Methodology [4-5], Life Cycle Inventory (LCI) data is collected and the environmental performance regarding energy and process gas consumption as well as generated waste material of both SLM and SLS processes is investigated in this paper. Impact reducing measures are presented for the most important contributers to the environmental impact of both processes. Future work comprises the completion of the LCI data regarding process emissions and powder production processes. 
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